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ClpP. Additionally, the IGF loops allow the X2 protomer to move laterally away from the ClpP 174 pore while the X4 and X5 protomers move toward it to form a structure in which the ClpP and 175
ClpX rings are displaced with respect to each other ( Figure 2D -red arrow; Figure 2E) . been suspected that the activating mechanism of ADEPs involves a disorder-to-order transition 185 of these gates (30), this observation provides direct evidence that ClpX creates the same effect. and by another X5 a-helix that precedes the pore-2 loop (residues 186-192). These three a-194 helices stabilize the b-hairpin structure of the ClpP N-terminal residues by interacting with 195
Arg17 at the top of the hairpin (Figure 2E protomer (X5) interacts directly with a single ClpP gate at any given time. The mechanism of 205 substrate translocation described below involves movement of the ClpX ring on the apical 206 surface of ClpP, with each ClpX protomer forming contacts with a ClpP gate as translocation 207 proceeds. 208
Substrate Engagement by ClpX 209
ClpX fits neatly into the emerging consensus for how AAA+ unfoldases engage substrate (39-210 43). In both Conformations A and B, five of the six pore-1 loops of ClpX interact tightly with the 211 substrate backbone, with Tyr153 forming the majority of the interface ( Figure 3A&B ). These 212 protomers generate a right-handed spiral that wraps around an 8 to 10 residue stretch of the loops are located away from the substrate, and have weaker density in the maps, likely indicating 237 flexibility. 238
Nucleotide State and Cycling in ClpX 239
The cryo-EM maps allowed unambiguous identification of the nucleotide bound to each ClpX 240 protomer. In Conformation A, there is strong density for ATP and a magnesium cofactor in 241 protomers X2, X3, X4, and X5, while the X1 and X6 protomers are ADP loaded, with no density 242 for either the g-phosphate or magnesium ( Figure 4A ,4C). As in both the classic and HCLR clades 243 of AAA+ ATPases (39-43), the orientation between the large and the small AAA+ domains of 244
ClpX changes considerably depending on the nucleotide state. In Conformation A, both the X1 245 and X6 protomers adopt conformations that allow the X1 protomer to move away from the pore 246 In Conformation A, the band g-phosphates of the bound ATP are stabilized by 257
interactions with the sensor-II arginine (Arg369) of the same subunit and the arginine finger 258 (Arg306) from the adjacent clockwise protomer ( Figure 4C ). In the ADP-bound sites of the X1 and X6 protomers, both arginines have moved away, allowing for a more open nucleotide 260 binding pocket ( Figure 4C ). In contrast, in Conformation B both the sensor-II arginine and the 261 arginine finger contact the b and g-phosphates in only four of the five ATP-bound protomers 262 (X1, X2, X3, and X4) ( Figure 4D ). In the ATP-bound X5 protomer (at the bottom of the spiral), 263 the adjacent X6 protomer and its arginine finger have pivoted away from the nucleotide into the 264 LS position, allowing the sensor-II arginine to move closer to the g-phosphate of the bound ATP. 265
In addition, the Walker B motif moves closer to ATP presumably to prime this site for ATP 266 hydrolysis. Notably, this key sensor II-priming motif in the primed nucleotide site has also been 267 Our structural data suggest a translocation mechanism that can be explained in terms of a pair of 280 conformers, denoted as Conformations A and B here, that represent two steps along the substrate 281 translocation pathway ( Figure 5A ). To aid in the following discussion we have color-coded the protomers will cycle between all six protomer positions along the spiral, including, among 284 others, a state primed to hydrolyze ATP (denoted as ATP*) as well as the LS and US positions. 285
This cycling is linked to ATP hydrolysis, to the attachment position of ClpX pore-loops along 286 the substrate, and to the interaction of ClpX IGF loops with ClpP. We begin our discussion of the Figure 5B ). This transition brings X1 into close proximity with X2 293 and allows engagement of X1's pore loops with substrate. The X1 pore-l loop now sits at the top 294 of the spiral, two substrate residues above the X2 pore loop ( Figure 5A&B ), thereby 295 translocating additional residues of substrate into the unfoldase. This transition also leads to 296 release of substrate by X6, which pivots away from the central pore to adopt the LS position 297 (second ring, Figure 5A ). ATP hydrolysis and phosphate release by X5, which was in the ATP-298 hydrolysis primed ATP* state, restores the ClpX spiral back to the Conformation A state, (third 299 ring of the four in Figure 5A ), with X6 now assuming the US position. The complex is thus reset 300 so that it can take another step along the substrate during the next A to B transition (third ring to 301 fourth ring in Figure 5A ). The cumulative effect of these transitions is a cycling of ClpX 302 protomers through different positions on the spiral ( Figure 5A&B ). For example, the protomer 303 initially in the US position (X1 in our discussion) will, with each step, move along the spiral 304 such that it transitions from the US position to the top of the spiral (Conformation B) and then successively moving to lower spiral positions, through the ATP* state and finally the LS 306 position, as substrate is translocated. Each Conformation AàConformation BàConformation A 307 step results in the exchange of ADP for ATP and a single ATP hydrolysis event. Continuous 308 repetition of these steps leads to a processive "hand-over-hand" translocation of substrate 309 through the axial pore of ClpX into ClpP (Illustrated in Video 2). 310
The sequential hydrolysis of ATP at the ATP* position results in unidirectional substrate 311 translocation and movement of pore loops along the substrate ( Figure 5B ), with the counter 312 clockwise hydrolysis cycle translating into a repeated downward pulling force on the substrate. 313
Both the sequential hydrolysis of ATP as well as the "hand-over-hand" substrate pulling model 314 appear to be conserved for AAA+ unfoldases (39-43). 315
The cycle described above, in which each protomer eventually adopts all positions in the 316 spiral, has significant implications for how the IGF loops interact with the ClpP binding pockets. 317
If the spiral position of each ClpX protomer was independent of IGF binding, alignment of the 318 asymmetric ClpX spiral would lead to averaging of the IGF loops into all the pockets of ClpP 319 during cryo-EM map refinement. However, our structures clearly show an empty IGF pocket on 320
ClpP only between the ATP* and LS positions of Conformation B ( Figure 2B ), suggesting that 321 this pocket must undergo a "cycle" as well ( Figure 5C ). Thus, following ATP hydrolysis and 322 phosphate release, the IGF loop of the protomer in the ATP* position (X5 initially) must leave 323 its engaged pocket and move to bind the adjacent empty site on ClpP (red arrows in Figure 5C ), 324
as the complex transitions back to Conformation A (third ring in Figure 5A ). In this state, the 325 IGF loop appears not to have assumed a structure that allows for tight binding as only weak 326 density is observed for it in EM maps. In contrast, strong binding is observed for this loop in 327 X5 protomer has an "extended/stretched" structure in the ATP* position of Conformation B 329 ( Figure 2F ), which likely causes strain and facilitates loop release and subsequent binding to the 330 corresponding site on the adjacent ClpP protomer ( Figure 5C ). After seven IGF loop release and 331 reengagement events, accompanied by seven ATP hydrolysis steps, the 'empty' ClpP binding 332 site makes a complete cycle, returning to its starting position ( Figure 5C ). The accompanying 333 motion of ClpX on the apical surface of ClpP for a given IGF loop transition is complex and 334
subtle, yet seven of these transitions lead to a net 60° rotation of ClpX with respect to ClpP (note 335 the positions of the purple ClpX protomer in the first and seventh panels in Figure 5D ; Video 3). 336
The model described above is the simplest one that is consistent with our data. More complicated 337 models can be envisioned. For example, if each upward step of a ClpX protomer was not coupled 338 to IGF loop displacements, or relative motion of ClpX on the apical surface of ClpP, additional 339 states would have to be invoked, for which no experimental data has been observed. Grids were blotted on both sides using a FEI Vitrobot mark III for 15 seconds at 4 °C and ~100% 576 relative humidity before freezing in a liquid ethane/propane mixture (74). microscope operating at 300 kV and equipped with a FEI Falcon III DDD camera. Structures 579 were calculated from counting mode movies consisting of 30 frames, obtained over a 60 second 580 exposure with defocuses ranging from 0.9 to 1.7 μm. Movies were at a nominal magnification of 581 75000× corresponding to a calibrated pixel size of 1.06 Å and with an exposure of 0.8 582 electrons/pixel/s, giving a total exposure of 43 electrons/Å 2 . 2680 movies were collected using 583 the microscope's EPU software. The Apo-NmClpP structure (with no ClpX or GFP present) was 584 calculated from data obtained using a FEI Tecnai F20 electron microscope operating at 200 kV 585 and equipped with a Gatan K2 Summit direct detector device camera. Movies consisting of 30 586 frames over a 15 second exposure were obtained with defocuses ranging from 1.7 to 2.9 μm. 587
Movies were collected in counting mode at a nominal magnification of 25000× corresponding to 588 a calibrated pixel size of 1.45 Å and with an exposure of 5 electrons/pixel/s, and a total exposure 589 of 35 electrons/Å 2 . 122 movies were collected using Digital Micrograph software. 590 EM image analysis: Patch based whole frame alignment and exposure weighting was performed 591 in cryoSPARC v2 (55) with a 10´10 grid and the resulting averages of frames were used for 592 patch based contrast transfer function (CTF) determination. Templates for particle selection were 593 generated by 2D classification of manually selected particles. Particle images were extracted in 594 refinement of these particle images using D7 symmetry yielded a map of the complex, with good 600 density for only the ClpP portion, at 2.3 Å resolution. 601
To improve the density of the ClpX portion of the map, a round of Ab initio classification 602 was performed using three classes, of which two classes containing 289,144 particle images had 603 good density for ClpX, with the remaining class containing mostly density for ClpP. Refinement 604 of these particle images with C1 symmetry resulted in a map of the ClpXP complex at a nominal 605 resolution of 2.8 Å, but with poorly defined density for much of ClpX. To improve the 606 interpretability of the map in the ClpX region, local refinement was performed with a mask 607 around the six ClpX subunits without performing signal subtraction for ClpP. This refinement 608 greatly improved the map in the ClpX region, while blurring the density at the distal ClpP ring 609 (indicative of flexibility between ClpX and ClpP). However, density for two of the ClpX 610 subunits remained fragmented and at lower resolution. To help resolve the heterogeneity of this 611 region "3D variability analysis" was performed, which utilizes principle component analysis to 612 separate conformations. Clustering was performed along three eigenvectors. Two clusters were 613 identified along a single eigenvector corresponding to two conformations of ClpX bound to 614 substrate. From the trajectory identified, the two endpoints were used to seed a heterogeneous 615 classification in which the O-EM learning rate was reduced 10-fold to preserve the original 616 character of the seeds yielding two classes split ~ 40%:60% with 110,696 and 178,448 particle 617 images for Conformations A and B respectively. Subsequent non-uniform refinement yielded 618 maps at 3.3 Å and 2.9 Å respectively, which were then used for model building. 619
For Apo-NmClpP the same preprocessing steps were applied as described above, and 
